Abstract Neuronal action potentials are generated through voltage-gated sodium channels, which are tethered by ankyrinG at the membrane of the axon initial segment (AIS). Despite the importance of the AIS in the control of neuronal excitability, the cellular and molecular mechanisms regulating sodium channel expression at the AIS remain elusive. Our results show that GSK3a/b and b-catenin phosphorylated by GSK3 (S33/37/T41) are localized at the AIS and are new components of this essential neuronal domain. Pharmacological inhibition of GSK3 or b-catenin knockdown with shRNAs decreased the levels of phosphorylated-b-catenin, ankyrinG, and voltagegated sodium channels at the AIS, both ''in vitro'' and ''in vivo'', therefore diminishing neuronal excitability as evaluated via sodium current amplitude and action potential number. Thus, our results suggest a mechanism for the modulation of neuronal excitability through the control of sodium channel density by GSK3 and b-catenin at the AIS.
Introduction
After axonal specification, the development of the axon initial segment (AIS), characterized by a high density of voltage-gated Na ? and K ? channels, is critical in initiating and modulating action potentials [1, 2] . These ion channels and other AIS membrane proteins, such as neurofascin, are tethered by intracellular proteins, such as ankyrinG or PSD-93 [3] [4] [5] [6] . The cytoskeleton of the AIS is characterized by ultrastructural features such as dense F-actin microfilaments or fasciculated microtubules, which are resistant to detergent extraction and display a higher degree of tubulin acetylation and detyrosination [7] [8] [9] [10] [11] . These characteristics confer on the AIS the ability to act as a barrier to membrane diffusion [11] and to cytoplasmic traffic [12, 13] . However, the signaling pathways regulating AIS functional maintenance remain largely unknown. AnkyrinG is necessary for maintaining the AIS [14] and seems to be essential for maintaining microtubule properties at the AIS [15] like CK2 and HDAC6 [9, 10] .
GSK3 is a key kinase downstream of multiple regulatory pathways, and regulates microtubule dynamics, neuronal differentiation, axon guidance, axonal protein transport, as well as ion channel activity [16] [17] [18] [19] . In addition to its function in regulating microtubule dynamics, GSK3 can phosphorylate proteins detected at the AIS, such as the GABA receptor scaffolding protein gephyrin [20] . GSK3 also has an important function in b-catenin regulation, a multifaceted protein involved among other functions in cell structure.
b-catenin has been implicated in adhesion or transcription [21] . The regulation of these different functions is complex and controlled by differential phosphorylation of b-catenin or distinct protein interactions in different subcellular compartments. For example, a minor pool of b-catenin is phosphorylated by GSK3b at S33, S37, and T41 [22] , ubiquitinated after interaction with bTrCP E3 ligase and degraded by the proteasome [23] . However, recent studies have shown that b-catenin-pS33/37/T41 may not only be involved in degradation but also in determining signaling functions [24, 25] . In epithelial cells, b-catenin phosphorylated by GSK3 is localized at tight junctions 24, associated with APC at the leading edge of migrating cells [24] , and is involved in microtubule re-growth at the centrosome [26] . b-catenin also forms a complex with N-cadherin, dynein/dynactin/p150, and the EB1 microtubule plus end protein at adherent junctions [27] . Besides cadherins, many b-catenin-binding proteins belong to the family of microtubule-related proteins [28] . In neurons, b-catenin has been reported to be a critical mediator of dendritic morphogenesis [29] and axonal growth [30] . b-catenin knock-out mice dye in early embryonic development [31] and several conditional b-catenin knockout have significant impaired craneo-encephalic development or cortical and hippocampal development [32] . Moreover, b-catenin is also a binding partner of APC, a microtubule-binding protein and can regulate the level of APC clusters in neurite tips [33] . b-catenin also interacts with Ca 2? -activated K ? channels in presynaptic active zones [34] . In the present study, we found that b-catenin phosphorylated at S33/S37/T41 is progressively accumulated at the AIS during neuronal development. b-catenin-pS33/37/T41 tethered at the AIS shares the same characteristics as other AIS proteins, and its concentration at the AIS depends on the microtubule cytoskeleton. Moreover, we describe that GSK3 is localized at the AIS, and its inhibition, as well as the reduction of b-catenin expression by specific shRNAs, affects the normal clustering of ankyrinG and voltage-gated sodium channels at the AIS and reduces neuronal excitability. In conclusion, our results show that b-catenin and GSK3 play a role during functional maturation of the AIS.
Materials and methods

Cell culture
All protocols were approved by the institutional animal care and use committee following the guidelines of the Council of Europe Convention ETS123, recently revised as indicated in the Directive 86/609/EEC. Hippocampal and cortical neurons were prepared as previously described [35] . The cells were plated on polylysine-coated coverslips (1 mg/ml) at a density of 7,500 cells/cm 2 . 5 lM 1-b-Darabinofuranosylcytosine (AraC) was added after 2 days in culture. For biochemical experiments, cortical neurons were plated at a density of 100,000 cells/cm 2 , and cultured for 48 h. For the culture of neurons beyond 6 DIV, neurons were plated at a density of 5,000 cells/cm 2 and transferred to dishes containing astrocytes. Primary hippocampal neurons were nucleofected using the Amaxa nucleofector kit for primary mammalian neural cells (Amaxa Bioscience) according to the manufacturer's instructions. Nucleofection was performed using 3 lg total DNA and 3 9 10 6 cells for each nucleofection. Nucleofection efficiency was around 15 % of neurons, based on RFP protein expression.
Murine neuroblastoma N2a were originally obtained from the American Type Cell Culture (Neuro-2A, Reference: CCL131) and were grown at 37°C in 7 % CO 2 , in DMEM supplemented with 10 % fetal bovine serum (FBS, Invitrogen) and 2 mM glutamine. N2a cells were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Transfections were performed with 9 ll Lipofectamine 2000 and 3 lg plasmid DNA.
Reagents and plasmids
Interference RNA plasmids were obtained from Origene. Two different shRNA sequences against b-catenin and a scrambled shRNA were used, inserted into the pRFP-C-RS vector, which expresses the red fluorescent protein. An shRNA-AnkyrinG and scrambled sequence in pGFP-V-RS were used for ankyrinG [9] . Lithium chloride (LiCl), myoinositol phosphate, Trichostatin A (TSA), and Nocodazole were from Sigma. GSK3 inhibitor X and GSK3 inhibitor AR-A014418 were from Calbiochem.
Immunocytochemistry
Hippocampal neurons were fixed in 4 % paraformaldehyde for 20 min. In some experiments, 15-DIV neurons were then treated with or without TSA for 48 h, and washed in phosphate buffer before extracting the cells with 0.5 % Triton X-100 in cytoskeletal buffer (2 mM MgCl 2 , 10 mM EGTA, 60 mM Pipes pH 7.0) for 10 min at 37°C, modified from previous work [11] . After extraction, the neurons were rinsed and fixed in PFA 4 %. For immunodetection, the coverslips were treated for 10 min with 50 mM NH 4 Cl and incubated in blocking buffer (0.22 % gelatin, 0.1 % Triton X-100 in PBS) for 30 min. Primary antibodies were incubated for 1 h at room temperature in blocking buffer. The primary antibodies used were: mouse anti-acetylateda-tubulin (1:2,000), mouse anti-tyrosinated-a-tubulin (1:2,000), mouse anti-MAP2 (1:400) and mouse antiPanNaCh (1:75), mouse anti-a-tubulin (1:100) from Sigma; mouse anti-tau-1 (1:1,000), and rabbit anti-MAP2 (1:500) from Chemicon; mouse anti-ankyrinG (1:100) from NeuroMab; rabbit anti-pS33/S37T41-b-catenin (1:250), rabbit anti-pS45-b-catenin (1:200) and rabbit anti-pS32-IjBa (1:250, 14D4) from Cell Signaling; mouse anti-b-catenin (1:500), mouse anti-N-cadherin (1:200) and mouse anti-EB1 (1:100) from BD Transduction, mouse anti-GSK3a/b (1:1000) from Biosource (Life Technologies); mouse anti-APC (1:150) from Millipore; rabbit anti-bIII tubulin (1:1,000) from Covance; rabbit anti-a-tubulin was kindly provided by Dr. Arevalo lab (Instituto Cajal), and chicken anti-MAP2 (1:10,000) from Abcam. The secondary antibodies used were a donkey anti-mouse or anti-rabbit Alexa-Fluor-488, 594 or 647 (1:500). F-actin was stained using Alexa-Fluor-594-conjugated Phalloidin (1:100). Nuclei were stained using TOPRO.
Images were acquired on a vertical Axioskop-2plus microscope (Zeiss) or a confocal microscope (LSM510, Zeiss) under the same conditions to compare intensities. Analysis of axon length and fluorescence intensities was performed with the NeuronJ and ImageJ software tools. Images were prepared for presentation using the Adobe CS3 software.
Immunohistochemistry
Brains from E18 embryos or P0, P5, and P12 mice were fixed overnight in 4 % paraformaldehyde in 0.1 M phosphate buffer (PB) pH 7.2, cryoprotected in 30 % sucrose and frozen in Tissue-Tek mounting medium (Electron Microscopy Sciences). Brain sections (30 lm) were obtained on a cryostat and collected in PB. The sections were permeabilized for 1 h in 0.1 M PB containing 0.5 % Triton X-100 and 10 % horse serum (GIBCO) and then incubated overnight at room temperature in the same solution containing rabbit anti-pS33/37T41-b-catenin (1:50) and mouse anti-ankyrinG (1:200) antibodies. Secondary antibodies were incubated for 1 h at room temperature. The samples were washed in PB and mounted on slides with Fluoromount-G. Some sections (5 lm) were stained with Giemsa (Merck).
Western-blot analysis
Protein samples were prepared from high-density cortical neuron cultures and murine neuroblastoma N2a cells. The cells were lysed and homogenized in a buffer containing 20 mM HEPES (pH 7.4), 100 mM NaCl, 100 mM NaF, 1 % Triton X-100, 1 mM sodium orthovanadate, 10 mM EDTA and Complete inhibitor protease cocktail (Roche Diagnostics). The proteins were then separated on 8 % SDS-PAGE gels and transferred to nitrocellulose membranes. The membranes were incubated overnight at 4°C with primary antibodies in blocking solution (PBS, 0.2 % Tween, 5 % non-fat milk or 10 % FBS). The antibodies used to probe the membranes were mouse anti-b-actin (1:5,000, Sigma); anti-b-catenin (1:800, BD Transduction); rabbit anti-pS33/S37T41-b-catenin (1:500) and GAPDH (1:2,000, Cell Signaling). Secondary antibodies were from Amersham. Antibody binding was then visualized by ECL (Amersham) and densitometry was performed with an imaging densitometer (GS-800, Bio-Rad).
Mouse brain slice cultures, plasmid GeneGun delivery, and electrophysiological recording Slice cultures containing the hippocampus and entorhinal cortex were obtained from post-natal day 8 mice as previously reported [36] . Slices (300-350 lm) were cut in sucrose-based slicing solution (280 mM sucrose, 26 mM NaHCO 3 , 1.3 mM KCl, 1 mM CaCl 2 , 10 mM MgCl 2 , 11 mM D-glucose, 50 mM phenol red, and 2 mM kynurenate) and were maintained for 1 h at room temperature in oxygenated (95 % O 2 /5 % CO 2 ) standard artificial ACSF (125 mM NaCl, 2.5 mM KCl, 0.8 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 3 mM CaCl 2 , 2 mM MgCl 2 , 50 mM phenol red, and 11 mM D-glucose). Each slice was placed on 20-mm latex membranes (Millicell) inserted into 35-mm Petri dishes containing 1 ml of culture medium (25 ml MEM, 12.5 ml HBSS, 12.5 ml horse serum, 0.5 ml penicillin/ streptomycin, 0.8 ml glucose solution (1 M), 0.1 ml ascorbic acid solution (1 mg/ml), 0.4 ml HEPES (1 M), 0.5 ml B27, and 8.95 ml water) and maintained for up to 8-9 days in an incubator at 34°C, 95 % O 2 -5 % CO 2 . To arrest glial proliferation, 5 lM Ara-C was added to the culture medium starting at 3 days in vitro. The GSK-3 inhibitor, AR-A014418 (20 lM), was added to cultured slices at 1 day in vitro and kept for 7 days. b-catenin shRNAs plasmids were delivered to brain slices using the Helyos gene-gun system (Bio-Rad) according to the manufacturer's instructions. Briefly, gold particles coated with scrambled or b-catenin shRNA were introduced into cells employing a high-velocity stream of helium (120 dpi) at 2 days in vitro and the slices were maintained for up to 7 days.
Whole-cell patch clamp recordings were obtained from CA3 or L5 pyramidal neurons. The external solution contained (mM): 125 NaCl, 26 NaHCO 3 , 3 CaCl 2 , 2.5 KCL, 2 MgCl 2 , 0.8 NaH 2 PO 4 , and 10 D-glucose, and was equilibrated with 95 % O 2 -CO 2 . Patch pipettes (5-10 MX) were filled with a solution containing (mM): 120 potassium gluconate, 20 KCl, 0.5 EGTA, 10 HEPES, 2 Na 2 ATP, 0.3 NaGTP and 2 MgCl2, pH 7.4. Recordings were made at 29°C. The voltage and current signals were low-pass filtered (3 kHz) and acquisition of sequences (500-1,500 ms) was performed at a frequency of 0.1 Hz with P-clamp 8 or 10 (Axon Instruments). Sodium currents were evoked by a voltage step (50 ms) from -80 to -20 mV. The capacitive and leak components of the evoked current were subtracted with a conventional P/4 protocol. Intrinsic neuronal excitability was monitored with depolarizing current pulses (1 s) of increasing amplitude (from ?10/? 500 pA).
Statistical analysis
All experiments were repeated at least three times and the results are presented as the mean and standard error of the mean (SEM) or standard deviation of the mean (SD) as indicated in figure legends. Statistical differences between experimental conditions were analyzed by t test or paired t test using the Sigmaplot 11.0 software.
Results
GSK3 phosphorylated b-catenin is enriched at the axon initial segment
Previous studies have shown a relationship between GSK3 phosphorylated b-catenin (S33/37/T41) and cell polarity [24, 25] . To test this hypothesis in neurons, we first studied the location of b-catenin-pS33/37/T41 in different developmental stages of hippocampal neurons using a phosphospecific antibody raised against b-catenin phosphorylated on the N-terminal Ser 33, Ser 37, and Thr 41, which specificity has been tested in a b-catenin knockout mouse at early developmental stages [37] and a b-catenin antibody that recognizes the C-terminal region. The specificity of phosphorylated b-catenin antibody was further confirmed by suppression of b-catenin expression with nucleofected b-catenin shRNAs (Supplementary Fig. 1 ) and b-catenin shRNAs expression resulted in the absence of b-catenin and b-catenin-pS33/37/T41 staining. At an early stage (24 h), we found b-catenin-pS33/37/T41 concentrated at soma (Fig. 1a) and at a higher levels at the centrosome of hippocampal neurons, as previously described in epithelial cells and neural progenitors (Supplementary Fig. 2 ; [26, 37] ). b-cateninpS33/37/T41 staining was also located all along the neurites, co-localizing with tubulin staining, while b-catenin antibody mainly stained the leading edge of neurites, colocalized with the F-actin-rich region (Fig. 1a) . Following axonal elongation at 48 h, b-catenin-pS33/37/T41 was mainly polarized to the axon, even though a lower level of phospho-b-catenin still remained in the other neurites (Fig. 1b) .
We then examined the expression of b-catenin-pS33/37/ T41 at later stages of development. Interestingly, 3, 6, or 21-DIV (days in vitro) hippocampal neurons showed b-catenin-pS33/37/T41 staining concentrated at the AIS ( Fig. 1c-e ). AISs were identified by ankyrinG, voltagegated sodium channel or the AIS marker 14D4 staining. The percentage of ankyrinG-positive AISs with colocalized b-catenin-pS33/37/T41 staining increased from 43 ± 7 % at 3 DIV to 82 ± 1 % at 7 DIV (Fig. 1f) , and the same staining was maintained in older neurons (Fig. 1e) . Fluorescence intensity along dendrites, soma, and axon at different developmental stages was quantified to confirm a higher AIS intensity fluorescence of b-catenin-pS33/37/ T41 than in other regions of the neuron ( Supplementary  Fig. 3 ). On the other hand, b-catenin antibody stained dendrites and axons, and was also observed at the AIS (Fig. 1g) . The differences in b-catenin antibodies staining may be due to molecular interactions in each neuronal region and antibody accessibility to the different epitopes. In fact, b-catenin phosphorylated at serine 45 is not located at the AIS, and is enriched in the nucleus of hippocampal neurons ( Supplementary Fig. 4 ). This spatial uncoupling of b-catenin phosphorylation has been previously observed in epithelial cells [25] . Finally, treatment of 6-DIV hippocampal neurons with the proteasome inhibitor MG132 (50 nM) increased b-catenin-pS33/37/T41 levels at the soma, but did not change b-catenin-pS33/37/T41 levels at the AIS ( Supplementary Fig. 5 ), suggesting that b-cateninpS33/37/T41 may be protected by other proteins at the AIS.
We next analyzed the expression of b-catenin-pS33/37/ T41 in developing mice brains from E18 to P12 (Fig. 2) . Brain sections were stained using the polyclonal antib-catenin-pS33/37/T41 antibody and a monoclonal antiankyrinG antibody to identify axon initial segments (see ''Materials and methods''). At E17-18, we did not detect any localization of b-catenin-pS33/37/T41 (data not shown) and AISs were not yet formed [38] . Some scattered AISs were detected at P0 (Fig. 2a) , and at P5 and P12 b-catenin-pS33/ 37/T41 staining of AISs was progressively detected throughout the cortical plate to layer VI colocalized with ankyrinG staining (Fig. 2b, d ) and in the pyramidal cell layer of CA1, CA2, and CA3 of the hippocampus (Fig. 2c) .
b-catenin-pS33/37/T41 tethering at the AIS depends on AnkyrinG and AIS microtubules
In order to identify a molecular partner of phosphob-catenin at the AIS, we first checked the localization of two known b-catenin-interacting proteins, N-cadherin and APC, which play an important role in adhesion complex and microtubule interactions, respectively. As shown in Supplementary Fig. 6 , neither N-cadherin nor APC were identified at the AIS in 6-DIV neurons. We next evaluated whether b-catenin-pS33/37/T41 expression at the AIS was dependent on ankyrinG, which controls the clustering of most AIS proteins [4, 6, 9, 14, 39, 40] . Hippocampal neurons were nucleofected with a scrambled shRNA or with an ankyrinG shRNA [9] and maintained until 5 DIV. Neurons nucleofected with scrambled shRNA had both ankyrinG (85.93 ± 1.61 %) and b-catenin-pS33/37/T41 (69.75 ± 2.08 %) concentrated at the AIS (Fig. 3a, c) . In contrast, only 13.19 ± 2.7 % and 12.04 ± 1.17 % of neurons nucleofected with ankyrinG shRNA showed ankyrinG and b-catenin-pS33/ 37/T41 concentration, respectively (Fig. 3b, c) . Moreover, approximately 30 % of neurons nucleofected with ankyrinG shRNA displayed b-catenin-pS33/37/T41 staining concentrated in the soma. Thus, b-catenin-pS33/37/T41 tethering and location at the AIS depends on ankyrinG expression.
To better understand how b-catenin-pS33/37/T41 is anchored at the AIS, we analyzed the involvement of the cytoskeleton in the tethering of b-catenin-pS33/37/T41. As proteins tethered at the AIS, and also microtubules, are insoluble in non-ionic detergents [10, 41] , 15-DIV neurons (Fig. 4a) were extracted in 0.5 % TX-100 at 37°C before fixation. After extraction, voltage-gated sodium channels, ankyrinG, b-catenin-pS33/37/T41 and acetylated-a-tubulin microtubules were found to be concentrated and colocalize at the AIS (Fig. 4b, d) . In this context, we have previously shown that changes in microtubule acetylation produced by inhibition of a tubulin deacetylase (HDAC6) impair the tethering of ankyrinG and voltage-gated sodium channels at the AIS [10] . Fifteen-DIV neurons were treated with an HDAC inhibitor, Trichostatin A (TSA), for 48 h, extracted with detergent, and fixed. In these conditions, TSA-treated neurons showed acetylated-a-tubulin staining along the axon, and b-catenin-pS33/37/T41 staining showed a reduction at the AIS, and displayed an extended pattern along the axon (Fig. 4d) , indicating that b-cateninpS33/37/T41 tethering at the AIS depends not only in ankyrinG but also on the properties of AIS microtubules. We then treated 7-DIV neurons for 3 days with a low dose of a microtubule depolymerizing agent, nocodazole (10 nM). In order to evaluate the effects of nocodazole on microtubules, we used an antibody against EB1, a microtubule ?TIP protein, also found at the AIS [42, 43] . In control 10-DIV neurons, EB1 was localized throughout the neuron with the characteristics comets, and at the AIS. Nocodazole-induced depolymerization of microtubules reduced EB1 labeling, as well as phospho-b-catenin labeling at the AIS (Fig. 4c) . Hence, the changes observed in phospho-b-catenin staining suggest that b-catenin-pS33/ 37/T41 are related in somehow to changes in AIS microtubule integrity. Inhibition of GSK3 reduces ankyrinG tethering at the AIS and modifies electrophysiological properties Next, we hypothesized that b-catenin-pS33/37/T41 may have a role in functional maturation after initial formation of the AIS. As b-catenin is phosphorylated at positions 33, 37, and 41 by GSK3, we first analyzed the localization of GSK3 in neurons. While GSK3a/b staining was ubiquitous along the neuron, when neurons were submitted to detergent extraction, interestingly, GSK3a/b staining was detected at the AIS (Fig. 5a ). Next, we checked by Western-blot analysis that GSK3 inhibition was able to reduce b-catenin-pS33/37/T41 levels. Short-term GSK3 inhibition, with the previously used GSK3 inhibitor [44] , did reduce by 60 % the amount of b-catenin-pS33/37/T41, at the same time that b-catenin levels were increased (Fig. 5b) as expected when GSK3 is inhibited for short times.
In view of these results, we analyzed whether long-term inhibition of GSK3 may modulate AIS protein tethering. Thus, we treated neurons with two other known inhibitors of GSK3, lithium (2.5 or 5 mM) or AR-A014418 (20 lM), a selective GSK3 inhibitor tested against 52 other kinases [45] . Lithium treatment of high-density cultures of cortical neurons, for 24 or 48 h, revealed a 45-65 % reduction in b-catenin phosphorylation (Fig. 6e) . Thus, given that b-catenin-pS33/37/T41 enrichment at the AIS starts after 3 DIV (Fig. 1) , we treated hippocampal neurons with 2.5 mM LiCl from 4 DIV to 7 DIV (Fig. 6a, b, d ). While control neurons show b-catenin-pS33/37/T41 staining at the AIS Fig. 5 b-catenin kinase, GSK3, is tethered to the AIS after to detergent extraction. a GSK3a/b staining at the AIS of 18-DIV hippocampal neurons after detergent extraction treatment with 0.5 % Triton X-100 for 10 min (bottom panels). Upper panels show ubiquitous GSK3a/b staining in non-extracted neurons. Extracted and non-extracted neurons were stained with GSK3a/b (green), 14D4 (red) and MAP2 antibodies (blue). Arrows indicate the AIS position. b Western-blot analysis showing b-catenin and b-catenin-pS33/37/ T41 total expression in 2-DIV high-density cortical neurons cultures treated with 3 lM GSK3 inhibitor X for 30, 60, and 120 min. Graph represents the mean and SEM of protein expression levels normalized to b-actin in three different experiments. ***p \ 0.001, t test Fig. 4 b-catenin-pS33/37/T41 is resistant to detergent extraction at the AIS and its location depends on microtubules. a 15-DIV hippocampal neurons stained with antibodies against AnkyrinG (red) and b-catenin-pS33/37/T41 (green). Box indicates the amplified region of the AIS shown in lower panels. b 15-DIV hippocampal neurons treated with cytoskeletal buffer (see ''Materials and methods'' section) for 10 min at 37°C. After fixation, neurons were stained with b-catenin-pS33/37/T41 and Pan-sodium channel antibodies (left panels) or b-catenin-pS33/37/T41 and ankyrinG antibodies (right panels). Insets show enlarged views of axon initial segments. c 10-DIV hippocampal neurons cultured in the absence or presence of nocodazole (10 nM) from 7 to 10 DIV. Neurons were treated with cold methanol (-20°C) for 5 min before fixation with PFA 4 % and stained with antibodies against EB1 (red) and b-catenin-pS33/37/T41 (green). A DIC image of nocodazole-treated neurons was obtained to identify the position of the soma. d Acetylated-a-tubulin and b-catenin-pS33/37/T41 staining of control or 100 nM TSA-treated 15-DIV neurons extracted with 0.5 % Triton X-100. Note that b-catenin-pS33/37/T41 and acetylated-a-tubulin co-localize at the AIS in control neurons, while b-catenin-pS33/37/T41 is no longer restricted to the AIS and is located along the axon following acetylated-a-tubulin pattern, as previously shown [10] . co-localized with ankyrinG, b-catenin-pS33/37/T41 and ankyrinG staining was absent or highly reduced (2.5 fold) at the AIS of LiCl-treated neurons. The same results were obtained from neurons treated with AR-A014418 (20 lM) compared to DMSO (0.1 %)-treated control neurons (Fig. 6a, c, d ). Subsequently, we examined the functional consequences of GSK3 inhibition and diminished b-catenin phosphorylation on the electrical properties of hippocampal neurons. Cultured slices were treated for 7 days with the GSK-3 inhibitor AR-A014418 or vehicle (DMSO) and excitability was compared between the two groups. A significant decrease in the last spike amplitude was observed in AR-A014418 treated neurons (ratio of the last to the first spike: 0.80 ± 0.01 vs. 0.86 ± 0.01 in DMSO-treated neurons, n = 7, unpaired t test p \ 0.01, Fig. 6f ). This larger spike attenuation was further confirmed (0.85 ± 0.01 vs. 0.90 ± 0.02, p \ 0.05) when the recordings were performed in the presence of M-type potassium and calcium channel blockers (10 lM XE991 and 50 lM cadmium). To fully understand the role of b-catenin-pS33/37/T41 in AIS maturation, we carried out a second experimental strategy using two shRNAs against b-catenin. After nucleofection, hippocampal neurons were maintained in culture until 6 DIV or 14 DIV (i.e., when the AIS is fully formed). Both b-catenin shRNAs increased the percentage of neurons in which b-catenin-pS33/37/T41 staining was Fig. 7 Suppression of b-catenin-pS33/37/T41 expression by b-catenin interference shRNAs reduces ankyrinG, voltage-gated sodium channels clustering at the AIS. a-c 6-DIV hippocampal neurons nucleofected with RFP plasmids expressing scrambled shRNA or b-catenin shRNA. Neurons were stained with antibodies against b-catenin-pS33/37/T41 (a), ankyrinG (b), and PanNaCh (c). Neuronal somatodendritic compartment was identified by MAP2 antibody staining. Insets show enlarged views of the indicated axon initial segment (gray scale). d Graphs show the percentage of 14-DIV neurons showing high intensity (green), weak intensity (yellow) or absence (red) of b-catenin-pS33/37/T41, ankyrinG, or sodium channels expression at the AIS of neurons expressing scrambled shRNA or b-catenin shRNA1. Neurons were considered in the weak intensity category when total staining intensity was 50 % or lower than that of control neurons mean. Data represent the mean ± SEM of three independent experiments (100 neurons/experimental condition in each experiment). ***p \ 0.001 and **p \ 0.01 compared to scrambled shRNA, t test. e, f Bar graphs represent the total fluorescence intensity of ankyrinG and PanNaCh staining measured every 0.4 lm along the AIS in 50 neurons/experiment of those quantified in d. ***p \ 0.001, t test. All images were acquired using the same fluorescence parameters. Scale bar 50 lm GSK3 and b-catenin in AIS function 115 absent or reduced (Fig. 7a, d and supplementary Fig. 7 ). Both b-catenin shRNAs slightly reduced axonal length at 3 DIV without affecting the further axonal elongation, and affected more significantly dendrites development (Supplementary Fig. 8 ) as previously shown [29] . Fluorescence intensity was measured along the AIS and staining was considered reduced or weak when total fluorescence intensity was 50 % or less than the mean fluorescence measured at control neurons (Fig. 7e, f) . b-catenin shRNA1 was more efficient than shRNA2, in agreement with the results shown in supplementary Fig. 1 , and their effects increased from 6 DIV to 14 DIV ( Supplementary  Fig. 7 ). In 14-DIV neurons, b-catenin-pS33/37/T41 was highly expressed at the AIS in 82 ± 1 % of scrambled shRNA nucleofected neurons and only 18 ± 2 % of neurons showed weak fluorescence intensity (Fig. 7d) . In contrast, only 6 ± 1 % of b-catenin shRNA 1 had highintensity b-catenin-pS33/37/T41 labeling at the AIS (Fig. 7d) . In view of our results, we examined the tethering of other proteins (ankyrinG and voltage-gated sodium channel) at the AIS in neurons nucleofected with b-catenin shRNAs ( Fig. 7 and Supplementary Fig. 7 ). Only 27 ± 1 % of neurons nucleofected with b-catenin shRNA 1 exhibited strong tethering of ankyrinG at AISs, compared to 91 ± 1 % of scrambled shRNA-nucleofected neurons (Fig. 7b, d ). In these neurons, the average ankyrinG intensity along the AIS was reduced fourfold compared to control neurons (Fig. 7e) . In agreement with the reduction in ankyrinG tethering, the expression of sodium channels at the AIS was diminished in 6-DIV and 14-DIV neurons nucleofected with b-catenin shRNAs, exhibiting the same pattern of three clearly different phenotypes (Fig. 7c, d , f, and supplementary Fig. 7) . Hence, we examined the functional consequences of the elimination of b-catenin-pS33/37/T41. Scrambled or b-catenin shRNA 1 plasmids were delivered using GeneGun into cultured brain slices obtained from post-natal day 8 mice and analyzed 9 days later. In this experimental condition, AIS is completely formed at post-natal day 8 before b-catenin suppression. Neurons expressing the scrambled shRNA showed b-catenin-pS33/37/T41 and ankyrinG expression at their AIS, while in neurons expressing the b-catenin shRNA 1 plasmid, b-cateninpS33/37/T41 expression at the AIS was strongly reduced or absent and ankyrinG staining was decreased (Fig. 8a) . The functional effect of this reduced expression was analyzed using patch-clamp recording. Transfected neurons were identified by their RFP fluorescence. The amplitude of the sodium current evoked by a voltage command from a holding potential of -80 to -20 mV was significantly reduced in L5 pyramidal neurons expressing the b-catenin shRNA 1 plasmid (Fig. 8b) . The density of sodium current was 336 ± 31 pA/pF (n = 12) in neurons expressing the scrambled shRNA and 215 ± 30 pA/pF (n = 12) in neurons expressing the b-catenin shRNA 1 plasmid (unpaired t test, p \ 0.01; Fig. 8c ). We next compared excitability in the two classes of neurons in current clamp by injecting current steps of increasing amplitude. Compared to control neurons (scrambled shRNA), neurons expressing the b-catenin shRNA were found to be less excitable (Fig. 8d) . The number of spikes evoked by 150, 200, or 250 pA was significantly reduced in neurons expressing b-catenin shRNA (Fig. 8e) .
Thus, the fact that GSK3 inhibition, which stabilizes b-catenin levels, and b-catenin levels reduction with interference RNAs, results in a reduction of AIS proteins tethering suggest that b-catenin-pS33/37/T41 has a role in the functional maturation and maintenance of the AIS. Further experiments will be necessary to understand the complex role of GSK3 and b-catenin at the AIS.
Discussion
The underlying cellular mechanisms that regulate ion channel expression and maintenance at the membrane of the AIS, and therefore action potential regulation and excitability, are only beginning to be studied. It is generally recognized that ankyrinG is an important protein for the organization and assembly of the AIS [6, 14, 46, 47] and its tethering at the AIS is necessary for the concentration of other AIS proteins. However, little is known about the mechanisms that modulate and maintain the expression of proteins at the AIS.
Our results show for the first time the localization of GSK3 at the AIS and its role in the functional maturation and maintenance of the AIS. Moreover, GSK3 phosphorylated b-catenin is also tethered at the AIS and depends on ankyrinG expression. Both pharmacological inhibition of its phosphorylation by GSK3 or reduction of b-catenin levels diminished ankyrinG tethering at the AIS and the functional expression of voltage-gated sodium channels. These data bring a new insight into AIS maturation and is particularly relevant to neurodevelopment given the importance of this neuronal compartment in action potential initiation and in the control of polarized axonal traffic. Moreover, our data may be related to schizophrenia, a mental disease with a neurodevelopmental origin, as postmortem schizophrenic patients' brains show reduced GSK3 levels [48] , abnormal GSK3 activity, and also a reduction of ankyrinG tethering at the AIS [49] .
b-catenin-pS33/37/T41 shows a progressive enrichment at the AIS during development, reflecting the establishment of barriers to membrane diffusion and cytoplasmic traffic. A higher percentage of neurons with b-catenin-pS33/37/ T41 tethering at the AIS was attained after 7 DIV, when the AIS forms a fully assembled membrane diffusion barrier [50] . In fact, the membrane diffusion barrier is not yet functional at 4 DIV, when only a small percentage of neurons show b-catenin-pS33/37/T41 tethering at the AIS. Moreover, the cytoplasmic traffic barrier of the AIS starts to appear at 3 DIV and is complete at 5 DIV [13] when at least 70 % of neurons show b-catenin-pS33/37/T41 tethering at the AIS.
Our data suggest that b-catenin-pS33/37/T41 is not necessary for the initial development of the AIS, but its enrichment plays a role in the maturation of AIS functions, modulating neuronal excitability and voltage-gated sodium currents. Previous works have shown that GSK3 is involved in LTP and LTD regulation [51] [52] [53] , and b-catenin participates in the regulation of neuronal activity [54] . Regarding a possible function of b-catenin-pS33/37/ T41 in action potential generation, the inhibition of GSK3 or b-catenin suppression decreased excitability in neurons from cultured brain slices. Although no interaction between voltage-gated sodium channels and b-catenin has been described, our data show that the loss of b-catenin-pS33/ 37/T41 is related to neuronal excitability by reducing voltage-gated sodium currents. While not excluding parallel transcriptional effects and since the decreased neuronal excitability observed in our study occurs independently of b-catenin levels, our results suggest that this effect is mediated by b-catenin-pS33/37/T41 rather than b-catenin levels. Thus, sodium current reduction is most probably due to diminished ankyrinG tethering at the AIS and the loss of AIS integrity when b-catenin-pS33/37/T41 is absent. In fact, AIS integrity is also lost in ankyrinG knockout mice [3] , and it has been proposed that AIS integrity could be a critical determinant of the threshold and waveform of action potentials [55] . An interaction between b-catenin and large-conductance Ca 2? -activated K ? channels has been reported [34] . In addition, GSK3 participates in the regulation of the KCNQ2 potassium channels [56] . However, neither pharmacological inhibition of KCNQ2 nor voltage-gated calcium channel block using cadmium change the spike attenuation induced by GSK3 inhibition.
In the last decade, many reports have focused on understanding how different phosphorylation sites on b-catenin can define its binding interactions and therefore GSK3 and b-catenin in AIS function 117 different sub-cellular fates [21, 57] . In this context, it is also necessary to take into account different conformational modifications, such C-terminal region folding, proposed to prevent b-catenin degradation [58] . Tyrosine phosphorylation of b-catenin disrupts its interaction with N-cadherin and leads to its mobilization from membranes [59] to the nucleus or neuronal cytoskeleton [60] . On the other hand, while N-terminally unphosphorylated b-catenin (S33/S37/T41), located in the nucleus, seems to better correlate with Wnt signaling functions [61, 62] , N-terminally GSK3 phosphorylated (b-catenin-pS33/37/T41) and ubiquitinated b-catenin is thought to be targeted for degradation at the proteasome [63] . Our results describe a new GSK3-phosphorylated b-catenin pool localized at the AIS, which participates in the AIS functions and is not immediately targeted to the proteasome. Given the ubiquitous expression of GSK3, the stability of this pool of b-catenin-pS33/37/T41 at the AIS may be the consequence of the absence of APC ( Supplementary  Fig. 4 ), a critical component for b-catenin destruction [64] . In fact, APC co-clusters with stabilized non-phosphorylated b-catenin at neurite tips [33] . On the other hand, b-catenin is resistant to proteasome degradation when phosphorylated by CK2 [65] , which is expressed at the AIS and regulates some of its properties [9, 66] . Finally, unidentified chaperones at the AIS may serve to protect b-catenin-pS33/37/T41 from degradation.
It has been described that disruption of the AIS actin cytoskeleton generates a reduction in the rate-of-rise of axonal action potentials, estimated as being due to the loss of approximately one-third of the sodium channels from the AIS [1] . Indeed, sustained inhibition of GSK3 by LiCl or a GSK3 selective inhibitor during establishment of the diffusion barrier (4-7 DIV) causes the loss of b-cateninpS33/37/T41 and ankyrinG concentration at the AIS and a significant decrease in spike amplitude. This is even more significant when b-catenin levels are reduced and sodium current amplitude and the number of action potentials are diminished. Thus, b-catenin-pS33/37/T41 plays an important role in the reinforcement of the AIS.
Other studies have suggested a potential function of b-catenin-pS33/37/T41 in microtubule anchoring and centrosome maturation in epithelial cells [26] . In this sense, we have found that b-catenin phosphorylated by GSK3 is colocalized with microtubules in neurites in stage 2 and 3 hippocampal neurons. In more mature neurons, the AIS b-catenin-pS33/37/T41 pool is resistant to detergent extraction and co-localizes with detergent-resistant acetylated-a-tubulin microtubules, like other AIS proteins [10] . Microtubules at the AIS have distinct properties from those in dendrites [12, 43] and are highly enriched in more stable acetylated and detyrosinated microtubules. Changes in post-translational modifications of tubulin, such as acetylation, can disturb protein tethering at the AIS [9, 10] , and such is the case for b-catenin-pS33/37/T41, which after tubulin hyper-acetylation was localized all along the axon together with acetylated-a-tubulin. This absence of b-catenin-pS33/37/T41 enrichment is consistent with the loss of ankyrinG and sodium channel concentration at the AIS after disruption of its cytoskeleton [10] . Furthermore, nocodazole-induced depolymerization abolished b-cateninpS33/37/T41 clustering in the AIS in our experiments, and also that of another AIS-tethered protein, EB1 [42, 43] , suggesting a possible relationship with AIS cytoskeleton or a regulating function of b-catenin-pS33/37/T41. In fact, b-catenin suppression in brain slices once the AIS is formed alters the pattern of action potential generation and ankyrinG tethering.
In summary, we have found a new pool of b-cateninpS33/37/T41 and its kinase, GSK3, at the AIS that regulate AIS maturation and modulate neuronal excitability through regulation of ankyrinG tethering, which in turn is responsible for the anchoring of sodium channels. The present findings represent an advance for the understanding of the molecular mechanisms underlying neuronal action potential generation. They raise the hypothesis that b-catenin phosphorylation and GSK3 activity at the AIS may be involved in mental diseases related to neuronal development and excitability, such as epilepsy, schizophrenia, or bipolar disorder. In fact, reduced levels of b-catenin expression and altered GSK3 function have been detected in schizophrenia patients [67] . Further experiments will be necessary to completely understand how GSK3 and phosphorylated b-catenin participates in AIS function and development.
